The interacting boson model (IBM)1),2) provides a useful approach to the investigation of nuclear collective states. The IBM has been extensively applied to the description of nuclear properties and has been phenomenologically successful in medium heavy nuclei. However, the IBM is not suitable for lighter nuclei with good isospin in which neutrons and protons fill the same shell. For such nuclei, Elliot and his co-workers 3 ) have developed the IBM-3 by introducing the T=l triplets of the sand d-bosons. They showed that there exists a good correspondence between the IBM-3 states and shell model states in light nuclei.
The interacting boson model (IBM)1),2) provides a useful approach to the investigation of nuclear collective states. The IBM has been extensively applied to the description of nuclear properties and has been phenomenologically successful in medium heavy nuclei. However, the IBM is not suitable for lighter nuclei with good isospin in which neutrons and protons fill the same shell. For such nuclei, Elliot and his co-workers 3 ) have developed the IBM-3 by introducing the T=l triplets of the sand d-bosons. They showed that there exists a good correspondence between the IBM-3 states and shell model states in light nuclei. 4 ) The microscopic derivation of the boson hamiltonian is necessary for the foundation of the IBM-3. Recently, Thompson, Elliott and Evans 5 ) have given a derivation, which is obtained from a four-nucleon shell model calculation. Their mapping approach is essentially the same as that of Otsuka, Arima and lachello (OAI)6) for the ordinary IBM. It should, however, be noted that the OAI mapping method is not sufficient for many d-boson states.
)-9)
The method does not take into account the full effect of the Pauli principle between many composite d-bosons. For example, a kind of cutoff effect not included in the OAI method causes the reduction of B(E2). values between many d-boson states.
The purpose of this paper is to give an improved mapping theory for the IBM-3. We achieve this by the method of Ref. 7) . The basic idea is as follows. First, an analytical expression for the matrix elements of the nucleon pair st =(c t C t);=O,T=l given by Hecht and Elliott 10 ) is used to obtain an approximate boson expression for st. Next 
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Through the above transformations, the original fermion hamiltonian: can be changed into a boson hamiltonian expressed in terms of stand d t . The hamiltonian consequently depends on the number and isospin of the s-and d-bosons. This suggests a boson interaction which depends on these quantum numbers, and which is missing in the IBM-3 hamiltonian determined from two D-pair states in Ref. 5) .
In this paper, we describe the above scheme in a neutron-proton system with a single j-shell. § 2. Boson expression of a nucleon pair with J=O and T=l Let us start by considering a nucleon pair coupled to J=O, T=l,
where K denotes the z-component of isospin and Ca t creates a nucleon in the state a with angular momentum (j, ma) and isospin (1/2, Ka). The matrix elements of SIC t have been thoroughly investigated by Hecht and Elliott.
lO )
Our task is to represent SIC t in terms of the boson operator SIC t with J = 0 and T = 1.
By analogy with Ref. 7) , we can divide the fermion space into two parts; one of which does not include any SIC t and the other includes SIC t. the states in the former subspace are those specified by the maximum seniority v=nc (nc being the nucleon number). In parallel to this division of the fermion space, we can divide the nucleon creation operator C t into two parts; C t (Llv = + 1) which increases the seniority by one and c t (Llv=-l) which decreases the seniority by one. Let at be the seniorityincreasing part c t (Llv=+l) 
for r'=r-1.
The matrix elements (2·7) correspond well with (2· 5a) except for a factor. This correspondence enables us to find a better transformation from SIC t to SIC t .
The operator SIC t changes the quantum number r by ± 1 and changes the total isospin T by ±1 or O. The boson operator SIC t has the same property. Let us divide the functions of the operators SIC t and SIC t as follows:
The comparison between (2·5) and (2·7) leads to the following boson expression of the nucleon pair SIC t: 10 ) showed that the "most natural" orthonormal basis states have a large overlap with the states of respective r. We, therefore, assume that the boson expression (2'9) is approximately correct in all cases.
Experiment shows that the lowest states in light nuclei with good isospin have small isospin. The lowest states seem to have main components with small seniority. It is interesting to consider the case of small v, T and T in the limit of large Q (v, T, T~Q). In this case, the relation (2'9) can be roughly approximated by
For like-nucleon systems, because of the relations r=p, t= v12, T= r+ t and 0'= p=l, (2·9) reduces to (2'11) which is nothing but the Holstein-Primakoff boson expansion. § 3. Expression of c t in terms of stand at
With the aid of the relation (2'9), we can write the detailed structure of the basis states (2'4) and (2:6) in the following way:
with h=~(p-r)+T-t, lo=t+r-T, l-=~(p-r).
(3'lc)
Because any state in the IBM-3 belongs to the space spanned by (3'1), we assume that the basis states (3·1) form an approximate complete set,
The summation in (3·2) should run so that all the basis states considered in (3 'la) may be included. The operator P projects the subspace spanned by only the maximumseniority states with nc=v(p=O). Note that sP=O. By analogy with (2'8), let us decompose the nucleon operator c t in the space spanned by (3'1) so that 108 M. Hasegawa
with the conditions Llv+2Llp=1 and ILlPI=ILlrl. The operator at introduced in § 2, which definitely increases the seniority by 1, can now be defined explicitly by using the projection operator P as follows:
which consists of the total-isospin increasing and decreasing parts
i.e., aa t =aa t(LlT=1/2)+ aa t(LlT= -1/2). The definition of the projection operator P leads to PCa t (Llv=-l,LlP=l,Llr,LlT)P=O, and then the seniority-decreasing part of Ca t does not contribute to aa t . The operator aa t, therefore, definitely increases the seniority by 1 as supposed in § 2. We have the relations P aa t = P aa t P = P cat P = P Cat, (atat)J=O, T~l=O and [v, aat] Unfortunately, the LTv = -1 parts of c t are rather complicated.
In the case of small v, ,. and T for large Q, we can use the approximation (s t)P c:::=.(st/JI-p/ (2Q»P from (2,10) . The calculation of the rearrangem:ent ct(st)P ---+(st)Pc t becomes very easy. We obtain the following expression of the nucleon operator c t:
In this simple transformation, we are supposing that the lowest state is mainly composed of (st)PIO) and the existence of a few at in low-energy states does not significantly change the values of the factors appeared in (3, 7) . Such approximation is made in the ordinary quasiparticle treatment.
For like-nucleon systems (r=p, t=v/2, T=r+t, 0'=1), the sum of (3'5) 
reduces to c a t =aa t(LTT=1/2) / l --P -+ st (-
which corresponds to the" quantized Bogoliubov transformation" .11)
When v~Q, the factor JI -p/(Q-v) in (3, 8) reduces to JI -p/Q which is equal to the unoccupied probability amplitude (u) in the BCS theory. The factor JI -p/(2Q) in (3,7) has the corresponding meaning because the degeneracy in the isospin formalism is twice as large as that in a like-nucleon system. Note that s t / j Q -v in (3, 8) or sU JW in (3, 7) corresponds to the occupied probability amplitude in the Bogoliubov transformation. § 4.
Iittroduction of d-boson with T=l
We can now define a nucleon pair coupled to J=2, T=l which increases the seniority by two in the following way: 
(4-9c)
The constant CjT appearing in the two D-pair state normalization comes from the Pauli principle between the nucleon pairs D t . The Pauli principle effect on the many D-pair states is taken into account through the constant CjT in the approximation (4-7). The value of C j ,T=2 is equal to that of the like-nucleon model in Refs. 7), 9) and 12). These references indicate that Aj=2,T=2~Aj=4,T=2~(1/2)Aj=o,T=2. The SU (6) phonon model of Janssen et al.
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) neglects the I-dependence of A j ,T=2. In our case, Aj,T=O is different from A j ,T=2 as shown in Table 1 . For the sake of simplicity, however, we use a constant average value for all A jT (4-10)
Then CjT does not depend on I (we omit j), i.e.,
{ -~A
for T=O,
With the above approximations, we obtain the relation <v=2n, tpr: TTzlv=2n, tpr: TTz> 
The second term of (4 ·12) is calculated by using the properties of a d -boson cfp (Appendix B). The relation (4·12) finally reduces to for p=l (t=tl+1),
for p=o (t= tl) ,
Equation (4·13) gives the operator expression of g as follows:
where the operator n represents the d-boson number, i.e., n=~dt d and t is the isospin operator for a d-boson (see Appendix B). Consequently we obtain the boson expression for D t from (4· 5a), i.e.,
where the factors gp(n, t) are given by (4·14). § 5. Charge independent pairing force and quadrupole operator
We first consider the hamiltonian with a charge-independent pairing force in a single j-shell of neutrons and protons,
It is obvious that the nucleon number operator ~Ca t Ca is equal to 2p+2n in our model space composed of Stand D t (s t and d t). The charge-independent pairing force can be expressed in terms of n, t, p and T accQrding to Ref. 14) , from which the hamiltonian (5 ·1) is written as
H=2c(p+n)-~Gp(2j+4-2n-p)+ ~ G{T(T+1)-t(t+1)}. (5·2)
The basis states (4·2) specified by the quantum numbers n, t, p, rand Tare eigenstates of the hamiltonian (5·2). The· present approach is therefore useful if the residual interaction is not too strong.
Mapping Theory for the Interacting-Boson-Model:3
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The IBM-3 presupposes the importance of the quadrupole correlations producing the nucleon pair coupled to J=2. Our task in the next step is to consider the matrix elements of the quadrupole operator (c t C )1=2.
Let us take up the quadrupole operator with T=O which does not change the isospin, When the residual interaction except the pairing force is weak, the E2 transition strength between the states is determined mainly by the Liv= ±2part of QM t because
• each state has the largest component of different v. Through the approximate transformation (3-7) which is good in the case of v, T, T~Q, the Liv= ±2 part of QM t is expressed in terms of (st, Dt) as follows:
This is similar to the result in the case of like-nucleon systems obtained in Ref.
As pointed out in § 3, the factor U or u' corresponds to the unoccupied probability amplitude of the single j shell and s Jj?I or sl j Q -v-I corresponds to the occupation probability amplitude in the BCS theory. The matrix elements of QM t(Liv= ±2) between the basis states (4.2)=(4.3) can be evaluated by using the boson expression of Dt (4-15). Our theory suggests that in addition to the occupied and unoccupied probability amplitudes (u, SKI IQ) the cutoff factor gp(n, t) in the transformation (4 -15) plays an important role in the reduction of B(E2) values for large n. The factor gp(n, t) originates from the Pauli principle between many nucleon pairs D t as mentioned in § 4. It should be noticed that the OAI method 6 ) does not take up the factor gp(n, t). This point has been discussed in the case of like-nucleon systems in Refs. 7)~9). In our treatment, the strength of the E2 transition depends also on the increase and decrease of isospin, because the factor gp(n, t) depends on p=Lit. The dependence on nand t may bring about a characteristic pattern of E2 transitions.
We can transform the interaction such as ~ QM t QM into the effective boson interaction expressed in terms of stand d t by the above method. However, we do not discuss it further in this paper, because the interaction in light nuclei with good isospin is probably not so simple as the pairing plus QQ force. It is worth while to Rote that the present method is capable of introducing a boson interaction depending on the boson number, etc. The boson-number dependent interaction seems to be necessary for the IBM-3 hamiltonian determined from two D-pair states. 5 ) § 6. Concluding remarks
We have investigated a mapping theory which makes it possible to describe a subset of states of neutrons and protons with good isospin in terms of the T = 1 triplets of the s-and d -bosons. We have obtained compact boson expressions for the nucleon pairs coupled to J=O, T=1 and J=2, T=1. The boson expressions approximately reproduce the matrix elements of these nucleon pairs in the model space of the IBM-3. An advantage of our mapping method is that it includes a cutoff effect due to the Pauli principle between many nucleon pairs with J =2, which is not taken into account in the OAI method. This effect causes a reduction of the B(E2) values as the d-boson number increases.
An IBM-3 hamiltonian can be derived microscopically from the original fermion hamiltonian through our boson expressions. This procedure brings in important factors depending on the number of d-boson (n), number of s-boson (p), the total isospin of d-bosons (t) and total isospin of s-bosons (T). The dependence on these quantum numbers suggests a possible improvement of the IBM-3 hamiltonian deduced from the four-nucleon shell model calculation.
S )
The factors obtained in this paper may contribute to producing a characteristic pattern of low-energy spectra and E2 transitions in light nuclei. It is interesting to investigate the spectra which are obtained from our IBM-3 hamiltonian and to test the applicability of the present approach to light nuclei. where CfT is given by (4·9).
Appendix B
If we define the operators
we obtain the identity ZT=O+ ZT=l + ZT=2=n(n-1). This relation is used to show that the second term of (4 ·12) is equal to -(g(n-l~ tll}nt) r ~ {Zen, t)-Z(n-l, tl)}(dn-l(tl)dl}dnt)(dn-l(tl)dl}dnt).
(B·S)
